Myocardial infarction (MI) has become one of the leading causes of death in the world. Its pathogenesis includes chronic formation of plaque inside the vessel wall of the coronary artery and acute rupture of the artery, implicating a number of inflammation-mediating molecules, such as the cytokine lymphotoxin-a (LTA) 1 . Functional variations in LTA are associated with susceptibility to MI 2 . Here we show that LTA protein binds to galectin-2, a member of the galactose-binding lectin family 3 . Our case-control association study in a Japanese population showed that a single nucleotide polymorphism in LGALS2 encoding galectin-2 is significantly associated with susceptibility to MI. This genetic substitution affects the transcriptional level of galectin-2 in vitro, potentially leading to altered secretion of LTA, which would then affect the degree of inflammation; however, its relevance to other populations remains to be clarified. Smooth muscle cells and macrophages in the human atherosclerotic lesions expressed both galectin-2 and LTA. Our findings thus suggest a link between the LTA cascade and the pathogenesis of MI.
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To understand better the role of LTA in the pathogenesis of this disease, we searched for proteins that interact with LTA. Using the Escherichia coli two-hybrid system and the phage display method, we identified galectin-2 as a binding partner of LTA. We purified the two recombinant proteins using a bacterial expression system, and confirmed direct binding of galectin-2 to LTA using an in vitro binding assay (Fig. 1a) . We further examined their interaction in mammalian cells using constructs designed to express Flag-tagged LTA or S-tagged galectin-2 and western blot analysis; co-immunoprecipitation of galectin-2 and LTA confirmed their interaction (Fig. 1b) . Using antibodies specific to each protein, we also investigated subcellular localization of native galectin-2 and LTA in U937 cells, and found that these proteins co-localized in the cytoplasm (Fig. 1c) .
We then examined whether any genetic variation in LGALS2 was associated with susceptibility to MI. Re-sequencing the LGALS2 genomic region using DNA from 32 MI samples revealed 17 additional single nucleotide polymorphisms (SNPs) (Fig. 2a) . Next, we compared the genotype frequencies of approximately 600 individuals with MI, and 600 controls at these SNP loci, and found that one SNP (3279C ! T) in intron-1 of LGALS2 was significantly associated with MI (designated SNP9 in Supplementary Table 1 ). This association was confirmed by increasing the number of samples to 2,302 for patients with MI and 2,038 for controls, and by including another set of samples (Table 1 and  Supplementary Table 2) .
We also analysed linkage disequilibrium using a subset of markers with minor allele frequency of .0.20, and investigated haplotype structure within the LGALS2 region (Supplementary Table 3 ). This allowed us to identify a haplotype block containing three SNPs (SNP9, SNP10 and SNP11); no particular haplotype showed a higher statistical significance for association with MI than the single SNP alone (Supplementary Table 4) . Because the minor allele frequency of the associated SNP was lower in the patients' group (Table 1) , we concluded from these genetic studies that the minor variant protects against the risk of MI, although our study included only Japanese subjects and so its relevance to other populations remains to be clarified.
To investigate the biological significance of this genetic variation in intron-1 of LGALS2, we constructed reporter plasmids with a genomic fragment containing the SNP downstream of a luciferase gene and the SV40 enhancer sequence, and examined the effect of the intron-1 SNP on gene expression. The clone containing the 3279T allele showed nearly 50% less transcriptional activity than those containing the 3279C allele or the vector alone (Fig. 2b, c ). These observations indicated that the nucleotide substitution could potentially reduce the level of the galectin-2 transcript.
We then hypothesized that the amount of intracellular galectin-2 might regulate the extracellular secretion level of LTA, thereby influencing the degree of inflammation. To test this hypothesis, we examined the effect of the level of galectin-2 on the secreted level of LTA in the medium by repressing galectin-2 expression using a small interference (si)RNA technique, and by over-expressing letters to nature galectin-2. One siRNA for galectin-2 repressed galectin-2 messenger RNA to nearly one-fifth of its original level ( Fig. 2d ) and resulted in inhibition of LTA secretion into the medium (Fig. 2e) . Overexpression of galectin-2 enhanced LTA secretion ( Supplementary  Fig. 1a ). As shown in Fig. 2f , the LTA mRNA level was unchanged by knockdown or over-expression of galectin-2 (see also Supplementary Fig. 1b) .
To further investigate the regulatory mechanism of LTA secretion by galectin-2, we searched for intracellular molecules that associate with galectin-2, using a tandem affinity purification (TAP) system 4 . We identified two unique bands that could be observed only when the galectin-2-TAP tag was expressed (Fig. 3a) . On the basis of a MALDI/TOF (matrix-assisted laser desorption/ionization-time of flight) mass spectrometry analysis, these two bands were shown to correspond to a-and b-tubulins-important components of microtubules. Using HeLa cells transfected with a plasmid to express Flagtagged galectin-2, we confirmed co-immunoprecipitation of endogenous tubulins and galactin-2 ( Fig. 3b and data not shown). Interestingly, the tubulins were also co-immunoprecipitated with LTA ( Fig. 3b and data not shown). Images from serial confocal sections of double-immunostained U937 cells revealed that galectin-2 and a-tubulin co-localized as reticular filamentous networks developed in the cytoplasm (Fig. 3c) . Recently, microtubule cytoskeleton networks have been implicated in the subcellular transport of some proteins, including glucose transporter isoform (GLUT4) or thiamine transporter (THTR1) 5, 6 . It is likely that LTA is another molecule that uses the microtubule cytoskeleton network for translocation. It is also conceivable that galectin-2 has a role in intracellular trafficking, although the precise role of galectin-2 in this trafficking machinery complex has yet to be elucidated.
To examine whether these proteins are expressed in the lesion of MI-that is, in atherosclerotic lesions of the coronary artery-and if so, to investigate in which part of the lesion they are expressed, we performed immunohistochemical staining of human coronary atherectomy specimens with anti-LTA or anti-galectin-2 antibody. As shown in Fig. 4a , b, immunoreactivities for both LTA and galectin-2 were detected in intimal cells in atherosclerotic plaques, some of which were spindle-shaped or contained vacuolated, round cytoplasms. Immunostaining of adjacent sections with anti-smooth muscle cell (SMC) a-actin or anti-CD68 showed that the majority of these cells were either SMCs or SMC-derived foam cells, with 13 . CI, confidence interval.
occasional macrophages being observed (Fig. 4c, d and Supplementary Fig. 2 ). Co-expression of LTA and galectin-2 was also observed in the majority of polymorphic SMCs by double-labelled immunohistochemistry (Fig. 4e) . In contrast, expression of either protein was not detectable in atrophic SMCs of fibrous plaques with scanty cellularity or in normal medial SMCs ( Fig. 4f for LTA; data not shown for galectin-2). These results showed that LTA and galectin-2 were co-expressed in SMCs and macrophages in the intima of human atherosclerotic plaques, but were absent in quiescent or normal medial SMCs. We also confirmed their co-expression by counting immunohistochemically double-labelled cells (Supplementary Table 5 ). A recent report also indicated that LTA was expressed in atherosclerotic lesions in mice and that loss of LTA reduced the size of the lesions 7 . Together, these results indicate that LTA, as one of the mediators of inflammation, along with galectin-2, as a regulator of LTA secretion, might have roles in the pathogenesis of MI, although the functional correlation of galectin-2 and LTA with the development, progression or rupture of atherosclerotic plaques has yet to be clarified.
We have identified galectin-2 as another risk factor for MI. We believe that the results of this study provide an anchoring point for better understanding of the pathogenesis of MI.
A
Methods

DNA samples
The study included 2,638 Japanese patients with MI, referred to as the Osaka Acute Coronary Insufficiency Study (OACIS) group. The diagnosis of definite MI has been described previously 2 . The control subjects consisted of 2,499 general populations recruited through several medical institutes in Japan. All subjects were Japanese and gave written informed consent to participation in the study; or if they were under 20 years old, their parents gave consent according to the process approved by the Ethical Committee at the SNP Research Center, The Institute of Physical and Chemical Research (RIKEN), Yokohama.
SNP analysis
Design for polymerase chain reaction (PCR) primers, PCR experiments, DNA extraction, DNA sequencing, SNP discovery, genotyping of SNPs and statistical analysis has been described previously [8] [9] [10] .
E. coli two-hybrid and phage display screening
We constructed a two-hybrid complementary DNA (cDNA) library using mRNA isolated from Jurkat cells (RIKEN Cell Bank; RCB0806) and BacterioMatch two-hybrid system library construction kit (Clontech), and screened the library using pBT-human LTA as the 'bait' . For the phage display system, we constructed a phage display cDNA library using mRNA isolated from Jurkat cells and T7 select cDNA cloning system (Novagen). We screened the library using the immobilized LTA as the 'bait' .
Tandem affinity purification
The tandem affinity purification procedure was carried out essentially as described in ref. 
In vitro binding assay and co-immunoprecipitation experiment
We prepared purified S-tagged recombinant LTA and T7-tagged galectin-2 derived from E. coli using the pET system (Novagen), and combined them. The co-immunoprecipitation experiments were performed using a monoclonal antibody against LTA (R&D Systems) coupled to HiTrapTM NHS-activated Sepharose HP (Amersham). We visualized the immune complex using T7 tag antibody (Stratagene) and horseradish peroxidase (HRP) conjugated with anti-mouse IgG antibody. For coimmunoprecipitation in mammalian cells, we transfected expression plasmids of Flag or S-tagged LTA, galectin-2 and LacZ (as a negative control) into COS7 cells (HSRRB; JCRB9127) or HeLa cells using Fugene. Immunoprecipitations were done in lysis buffer (20 mM Tris pH 7.5, with 150 mM NaCl, 0.1 % Nonident P-40). Twenty-four hours after transfection, cells were lysed, and immunoprecipitations were performed using anti-Flag tag M2 agarose (Sigma). We visualized the immune complex using HRP-conjugated S-protein (Novagen), anti-Flag M2 peroxidase conjugate (Sigma) or mouse monoclonal antibody against human a-tubulin (Molecular Probes) and HRP-conjugated anti-mouse IgG antibody.
Confocal microscopy
Polyclonal anti-human galectin-2 antisera were raised in rabbits using recombinant protein synthesized in E. coli. The antisera showed no cross-reactivity to structurally related molecules galectin-1 and galectin-3, analysed by western blot. Polyclonal antigalectin-2 antisera and either goat anti-human LTA IgG (R&D Systems) or mouse antihuman a-tubulin monoclonal IgM antibodies were used with Alexa secondary antibodies (Molecular Probes). U937 cells (HSRRB; JCRB9021) were stimulated for 30 min with phorbol myristate acetate (PMA) (20 ng ml
21
) and fixed. They were subsequently incubated with the corresponding primary antibodies in phosphatebuffered saline containing 3% bovine serum albumin, and the corresponding Alexa secondary antibodies.
siRNA and over-expression experiments
The target sequences for galectin-2 (5 0 -AATCCACCATTGTCTGCAACT-3 0 ) were cloned into pSilencer 2.0-U6 siRNA vector (Ambion). For the over-expression experiment, the galectin-2 was cloned into pFlag-CMV5a vector. After transfection, Jurkat cells were stimulated with PMA (20 ng ml 21 ) for 24 h, and cells and supernatants were collected separately. LTA concentration was measured using an LTA-specific ELISA system (R&D Systems), and normalized by comparison with total protein concentration. The mRNA quantification procedure has been described previously 2 .
Luciferase assay
A DNA fragment, corresponding to nucleotides 3,188 to 3,404 of intron-1 of LGALS2, was cloned into pGL3-enhancer vector (Promega) in the downstream of SV40 enhancer in the 5 0 to 3 0 orientation. After 24 h transfection, luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega).
Immunohistochemistry
Tissue samples were obtained from 16 patients with MI by elective directional coronary atherectomy. Immunohistochemical protocols were carried out as described previously 11, 12 using goat anti-human LTA IgG (R&D Systems) and rabbit polyclonal antihuman galectin-2 antibody. Staining of adjacent sections was carried out using humancell-type-specific monclonal antibodies against SMC 2-actin and CD68 (DAKO). For double-labelled immunohistochemistry, sections were incubated with anti-LTA antibody, then with biotinylated swine anti-goat IgG, and then with avidin-biotin-peroxidase conjugate, followed by visualization with 3,3 0 -diaminobenzidine tetrahydrochloride (Vector Labs). The section was subsequently incubated with rabbit polyclonal anti-human galectin-2 antibody, followed by incubation with alkaline phosphatase-conjugated swine anti-rabbit IgG and visualized with the 5-bromo-4-chloro-3-indoxyl phosphate and nitroblue tetrazolium chloride (BCIP/NBT) substrate system.
